In line with the Gifu University's initiative to map the Japanese quail genome, a total of 100 Japanese quail microsatellite markers isolated in our laboratory were evaluated in a population of 20 unrelated quails randomly sampled from a colony of wild quail origin. Ninety-eight markers were polymorphic with an average of 3.7 alleles per locus and a mean heterozygosity of 0.423. To determine the utility of these markers for comparative genome mapping in Phasianidae, cross-species amplification of all the markers was tested with chicken and guinea fowl DNA. Amplification products similar in size to the orthologous loci in quail were observed in 42 loci in chicken and 20 loci in guinea fowl. Of the cross-reactive markers, 57.1% in chicken and 55.0% in guinea fowl were polymorphic when tested in 20 birds from their respective populations. Five of 15 markers that could cross-amplify Japanese quail, chicken, and guinea fowl DNA were polymorphic in all three species. Amplification of orthologous loci was confirmed by sequencing 10 loci each from chicken and guinea fowl and comparing with them the corresponding quail sequence. The microsatellite markers reported would serve as a useful resource base for genetic mapping in quail and comparative mapping in Phasianidae.
INTRODUCTION
Microsatellite loci have gained widespread use in genome mapping, phylogenetics, and conservation genetics due to their abundance in eukaryotic genomes, high polymorphism, codominant nature, high reproducibility, and relative ease of scoring by the polymerase chain reaction (PCR). In recent years, genetic linkage maps based on microsatellite markers have been constructed for a number of livestock species including cattle (Bos taurus) [17] , sheep (Ovis aries) [9] , goats (Capra hircus) [42] , and pigs (Sus scrofa) [35] . In the poultry species however, mapping efforts have been slowed by the fewer number of microsatellites present in the avian genome compared to that of mammals [31] , and by the large number of cytogenetically similar microchromosomes. In spite of the problems inherent in mapping avian genomes, significant progress has been made for chickens (Gallus gallus) and recently a consensus linkage map of the chicken genome based on Compton [2] , East Lansing [4] , and Wageningen [11] linkage maps has been published [12] . At present, genetic maps do not exist for other economically important poultry species, including the Japanese quail (Coturnix japonica).
The Japanese quail is valued for its egg and meat, which are enjoyed for their unique flavor [23] . Advantages of small body size, rapid generation turnover, and high egg production [43] make it particularly suited for laboratory research [26] , and it has been recommended as a pilot animal for poultry [45] . In the light of this, genetic mapping of this species would be especially desirable if the Japanese quail is to be promoted as a model for poultry. Until now, only two autosomal linkage groups based on plumage color and blood protein markers [15, 16, 36] and one sex-linked plumage color linkage group [24] have been reported, while DNA markers have not been developed for the Japanese quail. Thus, the quail genome mapping effort was initiated in our laboratory based on the isolation and characterization of microsatellite markers [14, 19] . As the number of quail microsatellite markers increases, comparative genome analysis of the quail with other closely related species, especially with the more extensively studied chicken, could facilitate the construction of a comparative genetic map in the Phasianidae family, which is our ultimate objective. A step towards achieving this goal would be to uncover cross-reactive markers that could serve as anchor points for future comparative mapping purposes.
Cross-species amplification of microsatellite loci has been reported within closely related livestock species [3, 28, 37] and has been exploited in the construction of genetic maps for cattle [17] , sheep [9] , and goats [42] in the Bovidae family. Exchanges of microsatellite markers have also been observed between related avian species [8, 29, 30, 34] . In the Phasianidae family, attempts have been made to use the large number of chicken-specific microsatellites available to develop DNA markers for turkeys (Meleagris gallopavo) [21, 22, 32, 33] and Japanese quail [14, 27] . However, for comparative mapping purposes, it is also necessary to determine the utility of markers isolated from other Phasianidae species in the chicken. In a preliminary effort, we isolated 50 original quail microsatellite markers and found 46.0% of them to be polymorphic in two unrelated quails [19] . Furthermore, we observed positive amplification for 28.0% of the loci in the chicken. In this article, we report 50 new quail microsatellite markers and provide a more extensive characterization of all the 100 loci including an evaluation of their usefulness as cross-reactive markers for comparative mapping in chicken and guinea fowl (Numida meleagris), all of which belong to the Phasianidae family.
MATERIALS AND METHODS
A quail colony maintained at Gifu University was used in this study [14, 19] . A population of White Leghorns was sampled from a stock at the Gifu University Experimental Farm, while samples from guinea fowls were obtained from JAFRA TRADING CO., LTD., Ibaragi Prefecture, Japan. Blood was drawn from the jugular vein of quails and by wing venipuncture from White Leghorns and guinea fowls, and DNA was extracted using the QIAamp Blood Kit (Qiagen Inc., CA).
A quail genomic library enriched for the dinucleotide repeat array (CA/GT) n was constructed [40] and screened following standard procedures, and primers were designed and optimized for PCR as outlined previously [19] , with the exception that 1.5 mM MgCl 2 concentration was used as the standard to test all markers.
Using the annealing temperature optimized for quail, primer-pairs were tested on chicken and guinea fowl DNA to determine cross-reactive markers. One male and one female of each species were used. Initially, the amplification conditions determined for quail were used for chicken and guinea fowl. Those markers that failed to amplify were further tested at 2.0 mM and 2.5 mM concentrations of MgCl 2 .
Allelic polymorphism was determined for each marker by performing a PCR on DNA from 20 unrelated quails (10 males and 10 females) randomly sampled from a colony of wild quail origin. For cross-reactive markers, polymorphism and allele frequency at each locus were estimated in 20 chickens and 20 guinea fowls made up of 10 males and 10 females randomly sampled from their respective populations. PCR products were electrophoresed on an ABI Prism 377 DNA sequencer (Perkin-Elmer, Foster City, CA) and were sized using the GENESCAN system (Perkin Elmer).
In order to confirm whether the product amplified by the cross-reactive markers was indeed the orthologous loci, 10 chicken loci and 10 guinea fowl loci were randomly selected for DNA sequencing. PCR products were purified with the High Pure PCR Product Purification Kit (Boehringer Mannheim, IN) and cycle sequence was performed using the non-labeled primer of the same primer-pair used to amplify the locus. Sequences were determined by the dye termination method employing an ABI Prism 377 DNA sequencer (Perkin Elmer). Sequence comparisons were made with GENETYX-Homology v.2.2.2 (Software Development, Tokyo, Japan).
RESULTS

Fifty new Japanese quail microsatellite loci
A total of 100 microsatellite markers were isolated and characterized. The first 50 (GUJ0001-GUJ0050) of these markers have been published elsewhere [19] while the remaining 50 markers (GUJ0051-GUJ0100) are being reported for the first time. The locus name, GenBank accession number, microsatellite repeat array, as well as primer pairs designed for these markers are shown in Table I . The number of (CA/GT) n repeats in the newly sequenced clones varied between 7 and 19. According to the criteria used by Weber [44] , most of the new microsatellites were perfect repeats (82.0%) and the remaining arrays were either interrupted (imperfect 6.0%) or a compound of two perfect repeats (12.0%). The optimized annealing temperature was from 50 to 64 • C.
Profile of Japanese quail microsatellite markers
The characteristics of all 100 microsatellite markers based on genotyping data from 20 unrelated quails are shown in Table I . All loci (98.0%) except GUJ0038 and GUJ0096 were polymorphic, and the average number of alleles per locus was 3.7 (range 1 to 6 alleles). The allele sizes were between 87 and 298 bp (mean range 12.6 bp) and the effective number of alleles was from 1.0 to 4.3 (mean 2.45). The observed and expected heterozygosities ranged from 0.00 to 0.95 (mean 0.423) and 0.00 to 0.77 (mean 0.527), respectively. Values for the polymorphism information content (PIC) varied between 0.000 and 0.729 (mean 0.4769). Based on the classification of Botstein et al. [1] , 59.2% (58/98) of the polymorphic markers were highly informative (PIC > 0.50), 28.6% (28/98) were reasonably informative (0.50 > PIC > 0.25), and 12.2% (12/98) were slightly informative (PIC < 0.25).
Cross-species amplification of Japanese quail markers in chicken and guinea fowl
Table I also shows the results of cross-species amplification of all 100 quail markers in chicken and guinea fowl. In all, 42 loci in chicken and 20 in guinea fowl yielded analyzable PCR products that were mostly similar in size to that expected based on the fragment size of the orthologous quail loci.
The profile of the Japanese quail markers that produced positive results in the chicken is given in Table II . An average of 1.9 alleles per locus (range 1 to 4 alleles) was observed. 57.1% (24/42) of the markers were polymorphic with # The locus code GUJ stands for Gifu University Japanese quail and is in accordance with the standardized nomenclature rules adopted for poultry [5] . T A , annealing temperature; N O , observed number of alleles; N E , effective number of alleles; H O , observed heterozygosity; H E , expected heterozygosity; PIC, polymorphism information content; +, amplification products were obtained using the annealing temperature optimized for quails; 0, amplification products were not obtained using the annealing temperature optmized for quails. The information provided in bold type for the first 50 markers, GUJ0001-GUJ0050, has been originally published in The Journal of Heredity [19] .
2 to 4 alleles per locus and 42.9% (18/42) were monomorphic. The observed heterozygosity and PIC were on average 0.205 and 0.1888, respectively. Based on the PIC, 12.5% (3/24) of the polymorphic markers were highly informative, 58.3% (14/24) reasonably informative, and 29.2% (7/24) slightly informative. Nearly 60.0% (25/42) of the markers amplified chicken loci at 1.5 mM MgCl 2 concentration, which is the same as that used in amplifying quail loci. However, the MgCl 2 concentration had to be adjusted to 2.0 mM for 15 markers and 2.5 mM for the GUJ0018 and GUJ0098 markers. The characteristics of the Japanese quail microsatellite loci that were amplified in guinea fowl are shown in Table III . The observed number of alleles per locus averaged 1.9 (range 1 to 5 alleles). A polymorphism was observed in 55.0% (11/20) of the markers having 2 to 5 alleles per locus, while the rest were monomorphic. The mean observed heterozygosity was 0.127 and that of PIC was 0.1553. Of the polymorphic markers, 18.2% (2/11) were highly informative, 36.4% (4/11) were reasonably informative, and 45.5% (5/11) were slightly informative. Similar to chicken, 70.0% (14/20) of the markers amplified guinea fowl loci at 1.5 mM MgCl 2 concentration, with four markers requiring 2.0 mM MgCl 2 and two markers (GUJ0089 and GUJ0091) requiring 2.5 mM of MgCl 2 .
Japanese quail, chicken and guinea fowl loci amplified by the same quail markers
Fifteen Japanese quail markers were found to cross-amplify both chicken and guinea fowl DNA. To illustrate how informative these markers would be for comparative mapping, their observed heterozygosities were plotted in Figure 1 . Generally, nearly all the 15 loci had high heterozygosities in Japanese quail, which is not unexpected since they are quail-specific markers. Five loci in chicken (GUJ0059, GUJ0061, GUJ0066, GUJ0087, and GUJ0094) and 7 loci in guinea fowl (GUJ0001, GUJ0013, GUJ0021, GUJ0029, GUJ0061, GUJ0087, and GUJ0091) were not heterozygous and therefore uninformative in our test populations. However, 5 loci (GUJ0017, GUJ0023, GUJ0063, GUJ0084, and GUJ0086) were informative in all three species of Phasianidae and would thus be useful for comparative mapping. The average observed heterozygosities for these 15 loci in the Japanese quail, chicken and guinea fowl were 0.547, 0.297, and 0.145, respectively.
Sequence analysis of chicken and guinea fowl loci amplified by Japanese quail markers
The sequence information of 10 chicken loci amplified by cross-species PCR is summarized in Table IV . Nine chicken loci contained (CA/GT) n repeats, 5 (GUC0002, GUC0003, GUC0006, GUC0007, and GUC0009) of which were perfect repeats and 2 (GUC0001 and GUC0010) were imperfect repeats as found in their corresponding quail loci. For the remaining 2 loci, the repeat array was either perfect in the chicken, as opposed to imperfect (GUC0004), or vice versa (GUC0008) in the quail. The GUC0005 locus only had a poly A. Sequence alignment of the 5 flanks of the corresponding quail and chicken loci revealed significant homologies ranging from 78.9% to 93.9%. A BLAST search with sequences in GenBank showed no significant homology except for similarity with orthologous quail sequences that we had registered previously [19] . Table V shows the sequence results of 10 guinea fowl loci amplified by crossreactive quail markers. The sequence of 6 loci included (CA/GT) n repeats. Two loci (GUG0006 and GUG0010) had perfect repeats and 2 (GUG0001 and GUG0008) had imperfect repeats similar to their orthologous loci in the quail, while 2 loci (GUG0002 and GUG0003) had imperfect repeats as opposed to the perfect repeats found in their corresponding quail loci. The remaining 4 guinea Table IV . Sequence results of 10 Japanese quail and chicken loci amplified by the same quail markers.
Japanese quail
Chicken Locus name
GenBank accession number
Repeat array
Locus name *
GenBank accession number
Repeat array % similarity between Japanese quail and chicken GUC0009 AB063269 (CA)11 82.7 (110 nt) GUJ0063 AB063131 (CA)7CT(CA)2CT(CA)7 GUC0010 AB063270 (CA)6CC(CA)8 85.5 (138 nt) * The locus code GUC stands for Gifu University chicken and is in accordance with the standardized nomenclature rules adopted for poultry [5] .
fowl loci had no repeat arrays. However, for all 10 loci, the sequences of the 5 flanking regions were very similar to the corresponding quail sequences (74.8% to 95.1%). When searched against the database in GenBank, no matches were found for these sequences except our registered quail sequences.
DISCUSSION
The isolation of 50 new microsatellite markers in Japanese quail is a follow up on our earlier success in targeting simple sequence repeat (SSR) loci from an enriched genomic library [19] aimed at generating sufficient original quail markers for constructing a genetic map for this economically important poultry species. Previous attempts to localize quail SSR using chicken-specific primers have not been very successful. In one report [27] , 22.9% specific amplification was obtained from 48 chicken markers tested in quail but eventually only 6 markers were developed. In a related study [14] , we could only amplify 31 (25.8%) of 120 chicken microsatellite markers in Japanese quail, 22 of which were non-specific amplifications. This led us to the conclusion that chicken microsatellite primers are not efficient markers for Japanese quail, thereby underscoring the need to develop original markers for quail.
In our earlier report [19] , 46.0% (23/50) of the markers showed polymorphism in two unrelated quails. However, in this expanded study 98.0% (98/100) were polymorphic in 20 unrelated quails, thus clearly indicating that the larger sample size is more informative. Values of 75.8% (25/33) [6] and 93.2% (259/278) [7] polymorphisms have been reported for chicken-specific markers tested in the chicken. The very high level of polymorphism seen in the quail markers could, in part, be a reflection of the genetic constitution of the test population, which was derived from a colony of wild quail origin and is thus considered to be genetically diverse as a result of its shorter history of domestication [18] . The average number of alleles observed in the Japanese quail was 3.7, ranging from 1 to 6. This is similar to a mean of 4 and a range of 2 to 9 [7] or a mean of 5.6 and a range of 2 to 10 [41] reported for the chicken. Based on the PIC values, nearly 60.0% of the polymorphic markers were highly informative and only a few (12.2%) were slightly informative. Therefore, we conclude that these markers have a high utility for mapping the quail genome.
As a step towards constructing a comparative genetic map in the Phasianidae family, which includes a number of agriculturally important species of poultry, cross-species amplification was carried out to determine the usefulness of Japanese quail markers in chicken and guinea fowl. The level of amplification observed in the chicken in the present study (42.0%) is consistent with the results of other studies of cross-species amplification involving chicken markers applied to turkeys (91.7% [21] , 51.1% [22] , 55.6% [13] , 55.3% [32] , and 53.8% [33] specific amplifications), or chicken markers tested in the Japanese AB063152 (CA)10 GUG0010 AB063280 (CA)12 95.1 (143 nt) * The locus code GUG stands for Gifu University guinea fowl and is in accordance with the standardized nomenclature rules adopted for poultry [5] . X, No repeats detected. quail (22.9% [27] and 25.8% [14] specific PCR products). Although we adjusted the MgCl 2 concentration, we did not attempt to optimize the amplification condition for any locus. Hence, it is likely that such an effort would yield more positive amplifications. In our earlier study using chicken primers on quail, no adjustment was made in the MgCl 2 concentration, and this could partly account for the lower amplification success of 25.8% [14] . The average observed number of alleles for quail markers tested in the chicken was 1.9. This value is lower than the 3.7 number of alleles observed for quail in this study, but is, however, close to the value of 1.4 reported for chicken markers tested in turkeys [33] . The lower value of the number of alleles observed in chickens as compared to quail could, in part, be due to the characteristics of the test populations, since wild-derived quail were used on the one hand and White Leghorn chickens on the other. However, studies on cross-reactive markers have shown that microsatellite repeats tend to be generally longer, and thus more polymorphic, in the species of origin than in the comparison species, thus suggesting an ascertainment bias [10, 33] . This could have also contributed to the differences observed. From the PIC data, the polymorphic cross-reactive markers were reasonably informative and would be useful for comparative mapping in chickens and Japanese quail.
In guinea fowl, 20 of the quail markers amplified loci, with the observed number of alleles per locus averaging 1.9, and 11 of them were polymorphic. Although the mean observed number of alleles per locus was similar to that in chickens, the mean observed heterozygosity and PIC were lower in guinea fowl. This is particularly evident in Figure 1 for the 15 markers that crossamplified Japanese quail, chicken and guinea fowl DNA. Apart from the possible ascertainment bias mentioned earlier, one reason for this might be due to the low heterogeneity suspected in the guinea fowl population that was sampled, since it is probable that only a very small number of founders were introduced into Japan as is evidenced by the few guinea fowl farms that exist. In spite of this, a considerable number of the cross-reactive markers in guinea fowl are reasonably informative and would be useful for comparative mapping.
Out of the 15 markers cross-reacting in Japanese quail, chickens and guinea fowl, five markers (GUJ0017, GUJ0023, GUJ0063, GUJ0084, and GUJ0086) were informative in our test populations and would thus serve as the backbone of a comparative map in these Phasianidae species. Although the remaining 10 markers were not polymorphic in all three species, it is likely that they would be polymorphic when tested in a larger population, or they could be useful in the future as markers for radiation hybrid mapping [20] .
By sequencing PCR products of a random sample of the cross-reactive markers, we observed that all the markers shared sequence identity with the quail (> 78.9% in chicken and > 74.8% in guinea fowl). Nine out of 10 sequences in chickens included (CA/GT) n microsatellites compared to 6 out of the 10 guinea fowl sequences. Similar observations have been made in other studies on cross-species amplification involving chicken markers in quail in which 2 out of 10 loci [27] and three out of 9 loci [14] sequenced had no microsatellites. In this study, three of the guinea fowl sequences lacking microsatellites were not polymorphic. The greater number of quail markers that amplified chicken DNA as opposed to guinea fowl DNA, and the higher similarity of the quail-chicken flanking sequences compared to the quail-guinea fowl sequences, coupled with a better conservation of microsatellite loci in orthologous quail-chicken sequences than quail-guinea fowl sequences, are useful observations pointing to a closer relation between quail and chickens and could thus contribute to the discussion on the phylogenetic relationship of the three species. However, our data was limited and therefore inconclusive in this regard. Studies on phyletic relationships based on homologies of chromosome banding patterns have placed Gallus, Coturnix and Numida in the same subfamily, with Coturnix and Gallus being more closely related than Numida and Gallus [39] . It has been recently confirmed that chromosome homology between Japanese quail and chickens is highly conserved, with very few chromosome rearrangements after divergence of the two species (Matsuda Y., personal communication). Sequencing and microsatellite genotyping data based on cross-reactive markers in quail, chickens, and guinea fowl could, therefore complement our understanding of the phylogenetic relationships between these species.
From this study, we report 9 (CA/GT) n microsatellite-containing quail markers as new markers for chickens. Similarly, six quail markers are being reported as the first novel microsatellite markers registered for guinea fowl. The guinea fowl has been reputed to be a species with great potential, able to adapt easily to all kinds of climate in spite of its African origin [25] . In view of this, DNA markers for this species would help promote their genetic improvement. Based on our results, we recommend the isolation of original microsatellite markers for mapping in guinea fowl rather than attempting to adapt markers isolated from other species for studies in guinea fowl.
In conclusion, we have described informative Japanese quail microsatellite markers that would form a useful resource base of DNA markers as part of our initiative to develop a genetic map for Japanese quail. Since crossspecies amplification indicated that several of the cross-reactive markers are informative in chickens (57.1%) and guinea fowl (55.0%), these markers may be useful for comparative genome analysis in Phasianidae. Furthermore, the crossreactive markers could be used as a tool in future phylogenetic studies aimed at improving our understanding of the relatedness of Japanese quail to chickens and guinea fowl. The trend in comparative mapping in poultry is taking several directions including the analysis of cDNA clones [38] and radiation hybrid mapping [20] , and our results would contribute to this collective effort.
